The correct supply of water and nutrients is very important in hydroponic growing systems in order to use water and fertilizers efficiently and avoid stress situations. Usually, in low-cost hydroponic greenhouses using open hydroponic systems, the supply of water and nutrients is performed with a constant irrigation frequency, changing the dose to ensure that each irrigation cycle (each day) delivers the amount of nutrient solution needed for the plants, plus an additional 20 to 30% leaching fraction. This type of irrigation control may result in suboptimal conditions in many periods of time, although the total amount of irrigation solution supplied to the crop may be much larger than required. For an efficient irrigation the present theoretical study proposes that in open hydroponic systems there is a significant possibility to preserve water and nutrients, by shifting the irrigation control from a changeable irrigation dose according to evapotranspiration to an irrigation dose calculated according to the amount of used substrate in the bag, the characteristics of the substrate and the salt concentration of used water. The frequency of irrigation is recommended to be performed according to evapotranspiration. The proposed irrigation control is more rational than the currently used control method as it takes into account the characteristics on water holding capacity of the used substrates, resulting to a conservation of fertilizers and water.
Introduction
Water is an important constituent of all plants. Root, stem and leaf of herbaceous plants consist of 70-95% water. Water is vital for all plant functions as it fulfills numerous roles such as assimilating CO 2 , acting as a solvent carrier for biochemical transformations, transmitting impulses and signals and being part of the turgor factor which gives plants their shape. The increase in cell volume occurs mainly with water absorption. Living cells contain approximately 70-90% water. Plants need water not only as component of their bodies but also, and most importantly, for transpiration which regulates plant temperature during the warm period of the day.
Owning to the importance of water availability, cultivated plants have a small internal "water warehouse" which allows them to deal with insufficient water availability. However, the water available to cope with such insufficiencies corresponds only to a very small part of daily transpiration. Accordingly, if the water content of the plants is reduced by 20-30% of the optimum value they are likely to wither quickly. In general, if the water loss by transpiration is much greater than root uptake, the plant is stressed resulting in lower photosynthesis which then decreases plant development and production [1] . Therefore, plants must continually receive the amount of water lost by transpiration from the substrate. Adequate availability of water in plants then becomes one of the main success factors of cultivation.
The water that is lost to the atmosphere by transpiration is free water (water without salts). This free water is removed from the root environment, thus increasing the total concentration of salts in the root area. Hence, with the increase of salts the free water decreases (lowers the water potential) in the substrate round the root, thus it is difficult for the plants to absorb the necessary water [2] .
Salts that accumulate in the root area come either from irrigation water (many types of water contain elements that have no connection with the nutrition of plants e.g. sodium, chlorine) or from applied fertilizers (the quantity of inorganic nutrients that plants absorb to build their body is often small compared to the amount given to them). In case of sunshine and low humidity that promotes high transpiration rates, the concentration of salts in the substrate increases rapidly, resulting in significant reduction of available free water in the substrate (reduced water potential). It is therefore very important to retain a low concentration of salts in the root area in order to avoid plant stress.
The salt concentration in the nutrient solution is measured easily by an electrical conductivity meter that gives values of electrical conductivity (EC) in dSm -1 or mScm -1 . The electrical conductivity at a specific temperature is proportional to the concentration of dissolved salts in the solution. While giving an indication of salt concentration, the value of electrical conductivity does not give any information about the type of dissolved salts. An electrical conductivity lower than a specific value indicates an insufficient amount of nutrients around the root system. On the other hand, an electrical conductivity higher than a specific value indicates a high concentration of salts and a low quantity of free water available to plants which results in negative consequences for the development and production of most cultivated plants.
In most hydroponic greenhouses crops are grown in porous substrates. The substrates used in hydroponics have a porosity that varies between 60 and 90%. Water provided by irrigation is absorbed by the smaller pores of the substrate and additionally also flows in from the larger pores, thereby allowing the entrance of fresh and oxygen-rich air in the root area. Adequate aeration of the root zone is vital to the plant as roots require oxygen for respiration which in turn is essential for adequate nutrient and water uptake [3] . The greater the porosity and the greater the pore diameter, the greater is the vertical motion of the nutrient solution in the substrate. This ability of the nutrient solution is featuring the hydraulic conductivity of the substrate and determines the drainage flow of nutrient solution and the lateral movement of nutrient solution in the substrate. The amount of water that remains in the substrate after drainage, named substrate water holding capacity, depends on the characteristics of substrate, the quantity of the substrate in the pot (that contains the substrate) and the height of the substrate in the pot. It should be noticed that substrate characteristics can change over time. Changes are caused mainly by squeezing, crushing, root development and increase of microflora. Such changes alter the water holding capacity and hydraulic conductivity.
A part of the amount of the water that remains in the substrate after irrigation is easily available water to the plants (percentage depending on the type of substrate).
It is very important regarding the easily available water to have low salt concentration (high water potential) in order to be convenient for the plants. The characteristics and the amount of substrate in a container then affects the amount of free water, the total concentration of salts (EC) and the concentration of oxygen in the root area.
The correct supply of water and nutrients is very important in hydroponic growing systems in order to use water and fertilizers efficiently, avoid stress situations, and control production [4] . Irrigation control is the process of deciding when and how much nutrient solution to apply [5] . Usually the irrigation program for the open hydroponic systems does not take substrate characteristics into account. Typically, the interval between irrigation application (irrigation frequency) is fixed at a specific frequency (ranging from hours to days, adjusted according to the season) while the duration of the individual irrigation event (irrigation dose) is changing. In that way it is ensured that each irrigation cycle delivers the amount of nutrient solution needed for the plants plus an additional 20 to 30% leaching fraction [5] . However, many times this type of irrigation control can result in suboptimal conditions such as the application of a bigger amount of irrigation solution than in fact required [5, 6] .
The aim of this paper is to help overcome this problem by proposing a new control method that uses an irrigation dose according to substrate characteristics and an irrigation frequency based on the evapotranspiration.
Irrigation management in hydroponics
In the hydroponic business, fertilization and irrigation are two inseparable processes as inorganic nutrients (fertilizers) are dissolved in the irrigation water. Fertilization is done only with irrigation and irrigation is done only with water in which inorganic nutrients are dissolved. The water which contains dissolved inorganic nutrients necessary for the development and production of plants is called nutrient solution. Water is the predominant component of nutrient solution. The objectives of irrigation in hydroponics are to provide the water contained in the body of the plant, meet the needs of plants for water that is essential for transpiration, supply the plant with necessary inorganic nutrients and maintain a high concentration of oxygen in the root zone. All the above must be achieved with the highest efficiency possible, conserving water and fertilizer, as fertilizers substantially contribute to the cost of production and the pollution of water resources. The traditional concept of irrigation application efficiency in hydroponics is defined as the ratio of the quantity of water used by plants and the amount of water applied. The irrigation is more efficient when the amount of water applied is closer to the amount of water used by the plants. Thus, irrigation management is crucial for high irrigation application efficiency in hydroponics-based systems [5] . Generally, the main objective in irrigation is to maintain a sufficient supply of easily available free water (high water potential), to provide essential mineral elements to the plants and to improve oxygen concentration in the root zone. According to nutrient solution distribution, hydroponic systems can be either closed (recirculating the nutrient solution) or open systems (where leachate is allowed to run off from the root zone).
Closed systems
In closed systems with porous substrate, the quantity of nutrient solution provided to the root zone by each irrigation dose can be twice as high than the one used in open systems. Also the frequency with which the nutrient solution is provided is usually higher than that required by the plants. In this case, because the system is closed and nutrient solution is recycled, there are no large losses of water or nutrients. Therefore, closed systems in general have a much better irrigation efficiency compared to open hydroponic systems even though also in closed systems a small part of the nutrient solution is discarded. It should be noted that the plant absorbs ions selectively at different rates over the time. This is the reason why in order to avoid the concentration of some ions or various molecules inside the continual recycled nutrient solution in toxic levels, usually a small quantity of circulating nutrient solution is discarded daily or all the recirculated solution is discarded after some days. When the water used for the preparation of nutrient solution contains a large quantity of unneeded salts, the discharge is made in larger quantity. Therefore, in closed systems the waste of water and fertilizers mainly depends on the quality of the water used.
Open systems
The problem of irrigation efficiency is more important in open systems as there can be significant water and fertilizer waste or stress situations for plants. In open systems the nutrient solution is not recycled so that the solution that drains out of the porous substrate is usually lost [5] , [7] . In a comparison of three systems (field culture, hydroponic nutrient film technique (closed system) and an open hydroponic substrate system) the open system had the lowest water use efficiency [6] . In open systems the electrical conductivity around the root system depends not only on the concentration of the solution that led to this, but mainly on the amount of drainage water that drains the excess of salts out of the substrate. The total amount of water that drains depends mainly on the irrigation dose and irrigation frequency. A small irrigation dose that prevents the draining of sufficient quantity of solution and thereby increases the concentration of salts in in the root area, leading to a lower water potential that impedes root uptake from the substrate. That is why whenever there is irrigation, a part of the given nutrient solution should be drained off as excess nutrient solution in order to drain off the salts that have accumulated in the substrate. To determine how the change of the concentration of salts in the root environment is affected, we will resort to the balance of salts in a growing sac: 
----------------------------Wr
The equation indicates that: The greater the concentration in nutrient solution (Cs) the higher the increase of salt concentration in the root area. The greater the quantity and concentration of the solution that drains (p×Cd×Ws) the smaller the increase of salt concentration in the root area. The greater the amount of water held in the bag (Wr), the smaller the increase of salt concentration in the root area. For an appropriate salt concentration in a bag, many authors suggest a surplus of nutrient solution in each irrigation turn that ranges between 10-50% of the supply, depending on water quality and/or crop sensitivity to salts [5] . It goes without saying that if the irrigation dose or the irrigation frequency is bigger than required, unnecessarily large quantities of nutrient solutions are drained away which results in a significant waste of water and fertilizers and risk of pollution of water resources. On the other hand, a smaller irrigation dose or irrigation frequency increases the concentration of salts in the root area (due to great free water loss by transpiration) and hampers the absorption of free water from the substrate by the plants.
Open irrigation systems with feedback
The open irrigation systems used in hydroponic systems can be divided into two main categories: irrigation systems with feedback and irrigation systems without feedback. In the first case feedback is provided through process control, namely a transducer that automatically gives command to stop irrigation application. Usually, for determining when to stop irrigation a runoff rate percentage is used that is set beforehand based on the quality of water used, the type of substrate and the plant species.
The frequency of irrigation could be tuned by measuring the change of salt concentration inside the bag. In this case, when the electrical conductivity of the substrate exceeds a certain limit, e.g. 0.3-1 mSdm -1 higher than the incoming nutrient solution, then the irrigation starts. For this, reliable gauges of electrical conductivity properly configured for the used substrate are needed. A method for that is the one based on the dielectric conductivity of substrate (TDR). Another way to control the frequency of irrigation is the integrator of solar radiation which we will refer to later. The effectiveness of irrigation in feedback systems is expected to be satisfactory, provided that its operation is checked properly.
Open system without feedback
In the case of open systems without feedback, irrigation frequency is fixed at a specific interval, ranging from hours to days and being adjusted seasonally, while the irrigation dose is changing in order to ensure that each irrigation cycle delivers the amount of nutrient solution needed for the plants. With this irrigation control very often excessive waste of water and fertilizer or plant stress are created as the duration and frequency of irrigation is determined empirically without consideration of different types of substrates and seasons.
An effective irrigation program should aim to keep the content of the water in substrate within the limits of the easily available water and in low electrical conductivity (high water potential). To achieve this, the irrigation dose should depend on the characteristics of the substrate (water holding capacity) and the water quality. The frequency of irrigation should vary during the day, depending on evapotranspiration rate which is the main factor of water demand of plants.
Irrigation dose
One way to calculate the irrigation dose (Q, in liters per sac) is by using the following equality:
Where: Y, water holding capacity of the substrate inside the sac [liters sac -1 ]. In practice, an easy way to measure the amount of water holding capacity of the substrate of sac could be as follows: Weigh the sac with the dry substrate and leave the sac is in a container filled with water for 24 hours to complete wetting. After this remove the sac from the container and place it horizontally to drain for 12 hours, at the end reweigh it. The difference in weight is the water holding capacity, in kg sac -1 or liters sac -1 . When the plants reach their final size the measurements are repeated as the growth of the root changes the water holding capacity of the substrate. W w , the percentage of the water holding capacity that is easily available water (from our measurements we approximate that it is 24% of the water holding capacity for perlite, about 24% for pumice grained between 0-5 mm, about 58% for coir and about 85% for rock wool). N, the percentage of the easily available water in the substrate which when is exhausted from the sac should start irrigation. Usually ranges 5%-35% of easily available water, the small percentage correspond to saline waters and/or for substrates with small water holding capacity. Dr, the desired rate of water runoff in each irrigation (the amount should be proportional to the content in salts of the water used, typically ranging from 10%-30% of irrigation dose).
The duration of each irrigation cycle (t, in seconds) to achieve this irrigation dose, can be calculated by the formula:
Where: Q irrigation dose [liters sac -1 ]. n number of drippers per sac [-] . q water supply of each dripper [L h -1 ]. 3600 to convert to seconds.
Irrigation frequency
The frequency of irrigation can be determined by measuring the change of salt concentration or the amount of free water inside the sac, by using equipment based on dielectric conductivity of substrate (TDR). An alternative way is to use an integrator of solar radiation.
In the second case during the day, irrigation frequency can be determined by the sum of solar radiation inside the greenhouse taking into account, also, the size of the irrigation dose. In this case irrigation starts when the sum of the solar energy that has entered the greenhouse exceeds a specific sum.
This method is based on a good correlation of the incident solar radiation with the rate of evapotranspiration [8] . In general the rate of evapotranspiration depends on the quantity of solar energy that enters the greenhouse, the relative humidity, ventilation rate, the size of the foliar (LAI) and the plant species [9] . In order to calculate the amount of solar energy that indicates the beginning of an irrigation turn, it is sufficient to calculate the energy required for the evaporation of the quantity of water that gives the irrigation dose minus the drained water and the solar energy spent for other purposes in the greenhouse. Therefore the energy balance in the greenhouse can be written as:
Where: ΣRg, the sum of incident solar energy outside of the greenhouse [J m -2 ]. rc, the greenhouse permeability in solar radiation [-] . Etg, the percentage of solar radiation that is spent for evapotranspiration, ranges from 0.3 to 0.9 (with an average of 0.65), depending on the growth stage of plants (Foliar Area index), the type of crop and greenhouse ventilation rate (according to [9] ) [-] . Q, the irrigation dose [liters sac -1 ]. n, the number of sacks m -2 . λ, the latent heat of vaporization of water [≈ 2.45 MJ kg -1 ]. dr, the percentage of runoff [-] .
Resolving the previous equation as the sum of solar radiation (ΣRg), gives the sum of solar energy that is consumed for evaporation of the irrigation dose and should be taken into account for the starting point of the next irrigation.
This equation indicates that: The greater the evapotranspiration (Etp) in lower sum of incident solar energy should be the beginning of irrigation. Also, the greater the irrigation dose (Q) in greater sum of incident solar energy should be the beginning of next irrigation. The percentage of solar radiation that is spent for evapotranspiration varies depending on the prevailing greenhouse environment, the plant growth stage, the planting density and the specie of crop. The evapotranspiration can be calculated using the formula of evapotranspiration by [10] , [11] or [12] etc. To calculate the energy consumption of a greenhouse, various models exist such as for example [13] , [14] , [15] or [16] . An empirical estimate of SRg can be derived by using a lysimeter for a limited time to measure the sum of solar energy used up by evapotranspiration of the irrigation dose at various plant growth stages. Another way is to measure the solar energy until the electrical conductivity of the nutrient solution in the sac reaches a difference of 0.2-0.5 mS dm -1 as compared to the nutrient solution with which it is irrigated. A greater difference indicates greater evapotranspiration, while smaller difference indicates smaller evapotranspiration. Measurements should be made for the various growth stages. During the hours of darkness when no evapotranspiration takes place, the frequency of irrigation is controlled by a time clock so that the bags are kept wet.
The proposed irrigation control system was used successfully in a small greenhouse where it was not easy to change the open hydroponic system to a closed one. It would be good to have a further investigation to confirm the efficacy of the method, in an experiment that compares the proposed irrigation control system with a conventional one.
Conclusion
This theoretical study has shown that there exists a big potential in open hydroponic systems to preserve water and nutrients to protect the environment by shifting the irrigation control from a changeable irrigation dose according to evapotranspiration, to an irrigation dose calculated according to the amount of used substrate in the bag, the characteristics of the substrate and the salt concentration of used water. The frequency of irrigation is recommended to perform according to evapotranspiration. The proposed irrigation control is more rational than the conventionally used one as it takes into account the water holding capacity of the used substrates. As a result of an improved irrigation control system and procedure, fertilizers and water can be conserved.
